A general theoretical approach to double photoemission from solid surfaces is formulated in terms of two-electron Green functions and two-electron states. By incorporating the screened Coulomb interaction between the two outgoing electrons in a dynamically screened effective one-electron potential, approximate expressions for the two-photoelectron current are derived, which essentially consist of elements well-known from one-electron photoemission theory. ᭧
Introduction
Traditionally, the basic conceptual framework for dealing with many-electron systems is the independent electron model. The electronic structure is described mostly by means of a self-consistent field, based on the HartreeFock or the Kohn-Sham equations. Although the effective-field approach has long served for the interpretation of photoemission spectra [1, 2] , its central assumption of a single-particle wave function is, in general, of limited applicability, e.g. it fails in narrow-band systems with strong correlation between valence electrons [3] . The basic quantity relevant to the many-body effects is the correlation energy which, within density functional theory, is thought to reach its exact value at the exact ground-state density. However, the main question-to what extent the motion of the electrons is interrelated-is to be addressed by means of many-particle wave functions rather than by static properties such as the correlation energy. On the experimental side, double photoelectron emission (DPE) from solids and surfaces [4] is perfectly suited for the study of the correlated dynamics. Detecting simultaneously two electrons after the absorption of one photon, this process is one of the few known that in principle cannot be described within the single-particle picture. If the initial-state and the final-state wave functions are taken as products of orthogonal oneelectron wave functions, the transition-matrix element for double photoionization vanishes [5] . Thus, the inter-electronic correlation plays a major role in determining the characteristics of doubly excited states. In other words, quantities used for the theoretical formulation of the problem (wave functions, propagators, etc.) have to be of at least two-particle nature. On the other hand, realizing that all features of scattering within a crystal intrinsically complicate the problem, it would be essential to seek for an extension of the well-established one-step single-electron photoemission (SPE) framework [6] [7] [8] to the case of DPE. In the present Paper we follow both of these pathways.
In Section 2 we present a general formulation of the DPE in terms of two-particle states and Green functions. Section 3 deals with schemes for calculating correlated two-particle states in a solid. In particular, the pair interaction is formulated in terms of dynamical screening. This approximation is used in Section 4 to derive expressions for the DPE photo: current, which are directly connected with established SPE theory.
energy v knocks two electrons out of a semi-infinite solid with periodicity parallel to the surface. 1 The subsequent detection of both outgoing electrons in coincidence allows the simultaneous determination of their kinetic energies E 1 and E 2 as well as the surface-parallel wave-vector componentsk Fig. 1a ). The plane waves at the detectors are fully described by their momentumk j ; j 1; 2; since the normal component k
: Assuming the sudden approximation for the DPE process, the photon field affects only those degrees of freedom of the two electrons, which can be distinguished by the detection process. We restrict ourselves to the pair interaction between these two 'active' electrons, thus neglecting three-body and higher order terms as well as explicit manybody effects with or between the 'passive' (ground state) electrons.
In analogy to the well-known Green-function formulation of SPE by Caroli et al. [9] , we express the DPE current in the dipole approximation in terms of the two-particle Green function G,
where ͉C͘ can be viewed as a time-reversed LEED state for two correlated electrons, e.g. it has the (experimentally set) boundary conditions of plane waves ͉k 1 ͘ and ͉k 2 ͘ taken at the detector positions and is propagated by the advanced Green function G a from inside the solid towards the detectors,
The kinetic energy of the outgoing electron pair is E E 1 ϩ E 2 ; its surface-parallel momentumK
In Eq. (1), D is the two-particle dipole operator, i.e. the sum of two single-particle dipole operators [5] , and ϪIm G r E Ϫ v=p is the non-local density of two-particle states.
Eq. (1) can be represented by the diagram in Fig. 1b , which is the two-particle analogue of the lowest order diagram of the SPE theory. Interactions between the 'active' electron pair and the other electrons of the solid are thus taken into account to the extent that they are incorporated in the on-the-total-energy-shell Green function G.
If the imaginary self-energy part is set to zero, e.g. assuming an infinite two-particle life-time, G r E in Eq. (1) can be written in terms of two-particle states ͉F i ͘ with energies E i and further quantum numbers denoted by the compound index i,
where the summation over i is understood as integration in the case of continuous quantum numbers. Inserting Eq. (3) into the DPE expression (1) simplifies this to Fermi's 'golden rule',
The summation over unresolved quantum numbers contained in i accounts for all initial two-particle states that are compatible with energy conservation and symmetry requirements imposed by the dipole transition to the particular final state. As was shown in Ref. [5] , conservation of the surface-parallel component of the momentum in the SPE translates in DPE into the same but for the two-particle momentumK k : This means that the two-particle momenta are conserved modulo reciprocal surface-lattice vectors. In Eq. (1), G r can be restricted to these values ofK k i : Note that due to the Coulomb interaction, single-particle momenta are in general not 'good quantum numbers' in the DPE process.
In order to evaluate the above DPE current formulae, ways have to be found to actually calculate the two-particle Green function or the two-particle states involved. We address this problem in Section 3.
Two-electron states
The Hamiltonian H for two electrons inside the semiinfinite solid consists of the kinetic energy K, the electron-electron interaction U, and the crystal potential W; H K ϩ U ϩ W: Due to the simultaneous occurrence of two difficulties-the many-body and the scattering problem-we have to decide about the sequence of treating U and W. Paying tribute to the fact that DPE is due to the electron-electron interaction U, we assign the latter to the reference Hamiltonian H int K ϩ U: In this way the crystal potential is kept as a perturbation. In the absence of W, the operator G int U promotes the uncorrelated two-particle state ͉F 0 ͘; which is an eigenfunction of K, to the correlated one
the latter being an eigenfunction of H int . G int , the resolvent of H int , is the propagator of the internal motion of the electron pair. The reference state ͉F 1 ͘ is perturbed by the crystal potential W and evolves into the state
The transition operator T describes the dynamic response of the system upon the action of W and obeys the Lippmann-
Despite the fact that ͉F 1 ͘ in Eq. (5) is a quasi-singleparticle subject to the scattering in the crystal, the internal and external motions are not separable due to the presence of G int in Eq. (6) . If U is negligible, the problem reduces to scattering of independent particles. If this is not the case, use of Eq. (6) in order to evaluate physically relevant quantities requires further approximations, e.g. application of the perturbation expansion of G int with respect to U. This would allow for a systematic treatment of correlation effects. In the above formulation, our scheme is general and applicable for both initial and final two-particle states of the DPE process.
As an alternative to the above, we consider an approach for the calculation of the final two-particle state ͉C͘; which uses single-particle scattering states of the semi-infinite system as reference states for the electron-electron interaction. These states are well-known from LEED and SPE theories and can be calculated by multiple-scattering methods (cf. e.g. Ref. [6] ). Taking the Coulomb interaction U as a perturbation, ͉C͘ then assumes the form
7 ͉c 1 ͘ and ͉c 2 ͘ are single-particle time-reversed LEED states which are plane waves ͉k 1 ͘ and ͉k 2 ͘; respectively, at the detectors. A rigorous evaluation of Eq. (7) is however complicated. A computationally viable approximation has recently been proposed in the context of pair emission by electron impact, (e,2e) [10, 11] . Taking U as a Thomas-Fermi-like screened Coulomb interaction, this two-particle potential was approximated by a sum of two single-particle potentials. This amounts to a dynamical screening. Each electron moves in an effective single-particle potentialw j ; j 1; 2; which is the usual quasi-particle potential w of LEED theory augmented by a dynamical screening term depending on the other electron. Denoting by g j andg j the single-particle Green functions for electron j in the potentials w andw j ;, respectively, our approximation takes the operator form
The time-reversed LEED states ͉c j ͘ can then be written as
in analogy to Eq. (2). They can readily be calculated by employingw j in standard multiple-scattering computer codes. The two-particle final state is then simply an antisymmetrized product of these single-particle states,
where operator A is antisymmetrizator.
Double photoemission from wide valence bands
In contrast to narrow-band systems, the ground state of metals with sp-valence bands consists in good approximation of independent quasi-electrons moving in an effective external potential. Hence, pair correlation can be neglected in our initial two-particle state. Since the screening of single electrons by the ground state electrons decreases with increasing energy, one can expect non-negligible pair corredirect intensity term defined as Fig. 2 . Diagrammatic representation of the approximate two-electron photocurrent in terms of one-electron Green functions g andg. The upper (lower) two diagrams correspond to the first two direct (exchange) terms given in Eq. (14) (its analogue with ͉c 1 ͘ and ͉c 2 ͘ interchanged). The symbols are as in Fig. 1b except that single straight lines with arrows represent one-electron Green functions. Fig. 3 . Energy diagram of the approximate DPE process as depicted in Fig. 2 . Initial states with energies e l and e k are excited to timereversed LEED states with kinetic energies E 1 and E 2 (relative to the vacuum level E vac ), respectively. The energy region available for the initial states (grey area) is given by the Fermi energy E F and E min (see text). momenta are conserved, since when two electrons are uncoupled there is no longer a mechanism responsible for the momentum transfer within a pair.
From the above analytical expressions as well as from the diagrams it is evident that the two-particle photocurrent has been reduced to single-particle constituents. These can be evaluated using standard procedures of one-electron photoemission theory with some modifications.
Conclusion
In conclusion, we have developed a multiple-scattering formalism for the treatment of correlated electron-pair emission from surfaces upon the absorption of a single VUV photon. By transforming the electron-electron interaction from position into momentum space the two-photoelectron current has been approximated in terms of single-electron Green functions and transition-matrix elements. Numerical evaluation of the formulae, which we derived in this work, is currently in progress.
